Background: State-mandated school entry immunization requirements in the United States play an important role in achieving high vaccine coverage and preventing outbreaks of vaccine-preventable diseases. Most states allow non-medical exemptions that let children remain unvaccinated on the basis of personal beliefs. However, the ease of obtaining such exemptions varies, resulting in a patchwork of state vaccination exemption laws, contributing to heterogeneity in vaccine coverage across the country. In this study, we evaluate epidemiological effects and spatial variations in non-medical exemption rates in the context of vaccine 1 policies.
Introduction
10% of enrolled students were sampled in 2010-2011 and 2011-2012 in Alaska and these two 79 years were not included in the dataset. We used a linear regression on years prior to the 80 policy change to forecast NME rates in the absence of that change. In Vermont, we fitted 81 the regression starting from school year 2008-2009, because of the sudden increase in NMEs 82 during the school year 2007-2008. We would expect an effective policy change to lead to the 83 data diverging from the forecasted trend. 84 Finally, we collected data on non-medical exemptions from state health departments at the 85 county level in three states, including four instances of policy changes. In California, we MMR vaccine were used in that state. To analyze the spatial heterogeneity at the county 94 level, and how the heterogeneity varied following policy changes, we computed Moran's I
95
[25] for each state and year. We performed a spatial clustering analysis for each state before 96 and after the change in policy using SatScan [26] with the Bernoulli model [27, 28] , as this 97 model is adapted to our situation where individuals have or do not have an exemption. This 98 method detects clusters of counties with high exemption rates relative to the rest of counties 99 in a state; the mean rate of "high" clusters thus varies between states and between clusters. at github.com/Rom1Garnier/NME.
Results

104
Folowing the analysis of Olive et al. [10] , we expected a negative association between non-105 medical exemptions and school-aged children vaccination levels. We extended their analysis 106 for 2016-2017 to all states (irrespective of the breadth of the non-medical exemptions they 107 allow) and found that higher rates of non-medical exemptions are associated with lower vac-108 cination rates for the MMR vaccine ( Figure 1A ; beta regression; p < 0.001). Further, similar 109 significant negative associations were present with two other common childhood vaccines 110 included in the immunization mandates, DTaP ( Figure 1B ; beta regression; p = 0.002) and 111 varicella ( Figure 1C ; beta regression, p = 0.02). We also obtained similar results for school 112 year 2017-2018, with NMEs and vaccination rates being negatively associated (1D-F). Full 113 results for the beta regressions can be found in Supplementary Table 1 . 114 We considered how changes in state public health policies affected non-medical exemption Counties shaded in green belonged to a high non-medical exemption cluster only before the policy change; counties shaded in purple belonged to a high non-medical exemption cluster only after the policy change. Counties shaded in yellow belonged to a high non-medical exemption cluster both before and after the policy change.
Rates of non-medical exemptions in school-aged children showed spatial variability in all 141 three states we focused on. However, we find that most policy changes have no significant 142 effect on the mean and variance of non-medical exemption rates ( Moran's I: 0.05). In California, spatial heterogeneity remained significant before and after the Supplementary Table 1 : Estimates and p-values from the beta regression of NME rates and vaccination rates for each vaccine and school year at the state-level. All the associations are significant and negative, supporting a negative association between NMEs and vaccination rates.
